OBJECTIVES: To evaluate the validity of a leg-to-leg bioimpedance analysis (BIA) system in predicting body composition as measured by dual-energy X-ray absorptiometry (DXA) in postmenopausal women. SUBJECTS AND METHODS: Body fat mass (FM), %Fat and fat free mass (FFM) were measured in 124 postmenopausal women (age: 51 ± 63 y, body mass index (BMI): 17 ± 38 kgam 2 ) ®rst by the leg-to-leg BIA system, and then by DXA as reference method. Bland-Altman analysis was used to determine the bias and 95% limits of agreement between the two methods for the assessment of the individual. Precision error (CV%) of the BIA system was obtained by repeated measurements with intermediate repositioning.
Introduction
Bioelectrical impedance analysis (BIA) is considered to be a simple, rapid and noninvasive method for estimating body composition. 1 The principle of the BIA method is described in detail elsewhere. 2, 3 In recent years a new BIA system (Tanita TBF 105, Tanita Corp., Tokyo, Japan) employing leg-to-leg impedance measurement has been developed. 4 This BIA system differs from the conventional, tetrapolar BIA system in that it employs two subdivided footpad electrodes. Impedance of the lower extremities and body weight are measured simultaneously while the subject stands on the scale with bare feet making pressure contact with the electrodes. 5 . The new BIA approach is based on the concept that the impedance of the whole body is primarily determined by the impedance of the arm and the leg, 3, 6 which suggests that the measurement of a single extremity's impedance may predict the whole body impedance and composition. 7 So far, few validation studies have been published using this leg-to-leg BIA system. 5, 8, 9 A recent study by Nun Äez et al 5 demonstrated that the leg-to-leg BIA system was comparable to the conventional arm-toleg BIA system, and there was a strong correlation between the stature squared over impedance (Ht 2 aZ) derived with the BIA (Tanita) and FFM measured by underwater weighing and dual energy X-ray absorptiometry (DXA). However, these validation studies were conducted in relatively young subjects, and no assessments of agreement for the individual were performed. 5, 9 It has been indicated that predictive equations are useful only for subjects who closely match the reference population from which they are derived. 3 How valid then is the new BIA system with the equation provided by the manufacturer when applied to an another population, for example, postmenopausal women? This is of special interest, because there is evidence suggesting that menopause is associated with changes in body composition and fat distribution. 10, 11 Changes in fatalean ratio, especially in the lower part of the body may affect the impedance measurement as the current passes through the legs. The aim of this study was to examine the accuracy and precision of the leg-to-leg BIA system in assessing body composition in a group of early postmenopausal women by using DXA as a reference method.
Subjects and methods

Subjects
This investigation was performed in conjunction with the 5th y follow-up of a 4-centre, 20-y prospective study (Danish Osteoporosis Prevention Study, DOPS), which was aimed at testing the hypothesis that hormone replacement therapy initiated shortly after the menopause reduces the risk of later osteoporotic fractures. The participants were healthy, early postmenopausal women, de®ned as 45 ± 58 y of age and 3 ± 24 months past last menstrual bleeding. Body composition measurements were conducted in a random subgroup of 124 subjects (mean age 56 y) at the follow-up visit ®ve years after baseline, including clinical, biochemical, and osteodensitometric evaluations. Further characteristics of the participants are given in Table 1 . Ten healthy female volunteers, aged 35 ± 50 y (mean 42.4) y, were recruited among the hospital staff to determine the between-day variation of the BIA system.
The study was approved by the National Ethical Committee and the Danish Health Board. It was carried out in accordance with the Helsinki II Declaration. All participants gave written informed consent.
Anthropometry
Body weight was measured to the nearest 0.1 kg by the digital scale incorporated in the new BIA system with the subject standing on the platform with bare feet. Height was measured to the nearest 0.1 cm with a wall mounted stadiometer (Holtain Limited, Crymych, Dyfed, UK). Body mass index (BMI) was calculated as body weight (kg) divided by height (m) squared.
Bioimpedance analysis
Bioimpedance was measured using a leg-to-leg BIA system (Tanita TBF 105, Tanita Corp., Tokyo, Japan). This BIA system consists of two main units. The ®rst unit is a platform scale on which two subdivided stainless steel foot pad electrodes are mounted. While the subject stands on the scale with bare feet making pressure contact with foot pad, a small current (50 KHza0.8 mA) is transmitted through the anterior part of the foot pad electrodes and the difference in voltage across the legs is measured by the posterior (heel) electrodes. The second unit is a table top indicator with a digital keyboard through which height and gender can be entered into a microcomputer incorporating predictive equations. The unit measures body weight and impedance simultaneously and the measured impedance (O) is converted into the output of %Fat, fat mass (FM), total body water (TBW) and lean body mass (LBM), which is equal to FFM.
The manufacturer's equation for estimation of body density in female was published earlier by Hainer et al.
9
: BD 1.0907 ± 0.112 (WtÂZaHt 2 ) 0.000134 (Z), where BD was body density validated through hydrodensitometry; Wt was weight in kg, Ht was height in cm, and Z was impedance in ohm. Percent body fat was then calculated from body density according to Brozek's formula.
12 %Fat (4.570aBD ± 4.142)Â100; FM was calculated as %FatÂbody weight (kg); LBM or FFM was then obtained by simple subtraction of FM from body weight.
Measurements were conducted according the manufacturer's instructions, that is, to keep normal hydration status by restraining from excessive exercise and alcohol intake 24 h preceding the measurement and the measurements were performed after an overnight fast and at least 3 h after waking. The foot-pad electrodes were cleaned with alcohol immediately before each measurement to ensure optimal contact. In all the subjects, repeated measurements of BIA were taken before DXA measurements which were performed on the same day.
Reproducibility of the BIA system was expressed as within-day and between-day coef®cient of variation (CV). 13 Within-day CV was obtained by repeated measurements of all 124 subjects with intermediate repositioning. Between-day DV was determined by measuring 10 volunteers on three consecutive days.
Dual-energy X-ray absorbtiometry (DXA)
Body composition was measured with a Hologic QDR-2000 osteodensitometer (Hologic Inc. Waltham, MA, USA). Whole-body scans were taken in singlebeam mode and analyzed for bone and soft tissue composition with software version 5.54. Scans were taken and analyzed according to manufacturer's instruction. Each scan took about 20 min. The DXA technique is based on the attenuation properties of bone, lean, and fat tissues at two mean X-ray energies (43 keV and 110 keV), and it measures directly the three principal components of the body, namely LBM, FM, and bone mineral content (BMC). 14 FFM was calculated as LBM BMC. %Fat was calculated as Evaluation of a leg-to-leg bioimpedance X Xie et al FMa(LBM FM BMC) Â100%. The in vivo precision error (CV) of Hologic QDR-2000 was reported to be 0.7%, 2.0% and 0.6% for LBM, FM and BMC, respectively. 13 In our laboratory, the within-day CVs of LBM, FM and BMC were 0.9%, 2.1% and 0.5% respectively. 15 
Statistical analysis
Statistical analyses were performed using SPSS for windows (version 6.0, 1993. Chicago, IL, USA). The within-day and between-day CVs were calculated as SDameanÂ100%. The mean differences between body composition (%Fat, FM,FFM) obtained by BIA (Tanita) and by DXA were evaluated by one sample ttest against zero. Bland-Altman analysis was used to asses the 95% limits of agreement (Mean difference AE 2s.d.). The approach was then applied to the logtransformed data to give a range of proportional agreement between the two methods as described by Bland and Altman. 16 Simple linear regression was used to explore the relationship between Ht 2 aZ derived with the leg-to-leg BIA and FFM measured by DXA.
Results Table 1 summarizes the characteristics of the study population and impedance measurements by BIA (Tanita). There was a signi®cant, systematic difference (P`0.01) in body composition assessments between the two methods ( Figure 1 shows a Bland-Altman plot, that is, a plot of the difference (%Fat BIA ± %Fat DXA ) against the mean of the two measurements. This plot illustrates the mean difference and 95% limits of agreement, the values of which are shown in Table 2 . Interestingly, it also reveals a positive correlation (r 0.46) between the difference and the mean, indicating a tendency for the mean difference to rise with increasing magnitude of the measurements. Besides, it shows a wider scatter of differences (s.d.) as the mean increases. It is assumed that the differences are proportional to the mean, and such deviations are dealt with by a logarithmic transformation of the data as suggested by Bland et al 17 ( Figure 2 ). This plot shows a substantial improvement, though there is still a non-zero correlation (r 0.28). Antilogs of the limits of agreement give a range of proportional agreement between the two methods ( Table 2) . It is important to note that %Fat measured by BIA (Tanita) is likely to be between 0.88 and 1.45 times the %Fat measured by DXA in most of cases. In other words, %Fat estimated by BIA (Tanita) may differ from that determined by DXA by 12% below to 45% above for an individual, indicating the lack of agreement between the two methods. Similar results were observed in FM and FFM measurements. The within-day and between-day precision errors of the BIA (Tanita) system, expressed as CVs, are shown in Table 3 . The new BIA system has a high reproducibility with CVs being 0.6% for LBM and 1.1% for FM. The between-day CVs are 1.2% and 2.1% for LBM and FM, respectively.
Discussion
In the present study, we examined the precision and accuracy of a leg-to-leg BIA system in assessing body composition in postmenopausal women. 
Evaluation of a leg-to-leg bioimpedance X Xie et al
There are some apparent advantages of this leg-toleg BIA system. First, there is not much concern over the accuracy of electrode placement as there is with the usual gel electrodes. 5 Second, the new system does not require supine positioning of the subjects and needs only little operator skill, making impedance measurements even faster and easier than the conventional BIA. In addition, we observed a high precision of measurements by the leg-to-leg BIA system, which was comparable to that observed by others using the same BIA system, 5 and to those observed in the conventional BIA and DXA. 2, 13 One of the main concerns with this new BIA system was how valid the manufacturer's equation would be when applied to a different population. In previous studies in which body composition measurements were compared between BIA (Tanita) and DXA, the commonly used method was correlation analysis. Nun Äez et al 8 reported a high correlation (r 0.88) between %Fat obtained by BIA (Tanita) and DXA. However, the question being asked in such a method comparison study is: How well do the measurements by the two methods agree? A high correlation does not necessarily mean a good agreement between the two measurements. 18 The results of Bland-Altman analysis clearly demonstrated the lack of agreement between the two methods. Besides a systematic difference, it was found that for most individuals, the %Fat estimated by BIA using the manufacturer's equation was likely to be between 12% below and 45% above that measured by DXA. We may probably adjust the systematic difference by subtracting it from or adding it to the BIA measurements, so that this BIA system will be useful in estimating the Figure 2 Plot of log-transformed data of difference against average of %Fat measured by BIA (Tanita) and by DXA (r 0.28). Table 3 Within-day and between-day precision error (CV%) of body composition assessments by BIA (Tanita) system
Within-day
Between-day (n 124) (n 10) Evaluation of a leg-to-leg bioimpedance X Xie et al body composition of groups. However, its accuracy for the assessment of individuals is not acceptable, indicating that the equation provided by manufacturer may not simply be applied to our study population. Population-speci®c equations will be needed to improve its accuracy in assessing body composition in postmenopausal women. There may be several reasons for the lack of agreement between this leg-to-leg BIA and DXA. Firstly, the manufacturer's equation was initially validated through hydrodensitometry, 9 a classical twocomponent (FFM and FM) model which assumes a constant density of FFM. However, this may not be true as the composition of FFM may change with ageing and disease processes, 1, 19 which would induce errors due to the reference method itself. It was suggested that multicomponent models, such as DXA, be used as a reference method for the validation of BIA. 1, 14, 20 Besides, with DXA the use of weight, height and gender are not required for the calculation of %Fat, unlike the BIA method. 14 Although DXA may not be regarded as a gold standard as compared with direct chemical analysis or in vivo neutron activation analysis, and its accuracy may be limited by the fact that the soft tissue composition above and below the bone cannot be measured directly, 14 most investigations have demonstrated that DXA is a precise and accurate method for direct measurement of body composition. 13,21 ± 23 Secondly, our study con®rmed the indication that predictive equations may not be easily transferred from one population to another if the population differ signi®cantly in important determinants of body composition such as age, obesity and illness. 24 Finally, it is questionable if the leg-to-leg impedance may accurately estimate whole body composition. The study by Baumgartner et al 7 showed that the arm and the leg determined most of the whole body impedance, but in the simple regression model developed in women, arm impedance accounted for 49% of the FFM variation, which was higher than leg impedance (36%) did, while the whole body impedance explained 73% of the FFM variation, indicating that there were differences in their predictive ability. Similarly, Nun Äez et al 5 showed that correlation between Ht 2 aZ derived with the leg-toleg BIA and FFM DXA was lower than that between the conventional, arm-to-leg BIA and FFM DXA . In our study, Ht 2 aZ was only moderately correlated to FFM DXA (r 0.66), which was lower than that observed by Nun Äez et al 5 (r 0.89). Moreover, one of the limitations of BIA in general is that relatively small changes of impedance in the arm or leg will likely cause a signi®cant change in whole body impedance, and conversely, even large changes of impedance or volume in the trunk will have little effect on the overall impedance. 3 In postmenopausal women, the accuracy of the leg-to-leg BIA in predicting body composition may be limited by the change in fat distribution associated with menopause. 11 Especially in women with gynoid fat distribution, that is, fat accumulated mainly around hip and lower extremities, the measured impedance between the legs may not be representative of whole body impedance. The study by Nun Äez et al 5 showed that fat distribution as represented by the waistahip ratio, was a signi®cant covariate in the body composition regression models. Unfortunately, our present study did not provide any evidence demonstrating the in¯uence of fat distribution on the leg-to-leg impedance. Future studies should evaluate the impact of fat distribution on the leg-to-leg impedance measurements and may include waistahip ratio as a predictor in addition to impedance and other anthropometric variables in the regression model for women around menopause, so that the accuracy of predictive equation can be improved.
Conclusions
The leg-to-leg BIA system can provide simple, rapid and highly reproducible measurements of body composition for groups, making it appropriate in large epidemiologic and ®eld studies. However, it has limited accuracy for the assessment of body composition in individuals. Population-speci®c equation will be needed to improve its accuracy in estimating body composition in postmenopausal women.
